Sub-eV upper limits on neutrino masses from cosmology 
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Upper limits on neutrino masses from cosmology have been reported recently to reach the impres- 
sive sub-eV level, which is competitive with future terrestrial neutrino experiments. In this brief 
review of the latest limits from cosmology we point out some of the caveats that should be borne in 
mind when interpreting the significance of these limits. 



I. INTRODUCTION 

The latest results from the WMAP satellite Q confirm 
the success of the ACDM model, where ~ 75 % of the 
mass-energy density is in the form of dark energy, with 
matter, most of it in the form of cold dark matter (CDM) 
making up the remaining 25 % . Neutrinos with masses 
on the eV scale or below will be a hot component of the 
dark matter and will free-stream out of overdensities and 
thus wipe out small-scale structures. This fact makes it 
possible to use observations of the clustering of matter in 
the universe to put upper bounds on the neutrino masses. 
An excellent review of the subject is that of Lesgourgues 
and Pastor With the improved quality of cosmolog- 
ical data sets seen in recent years, the upper limits have 
improved, and some quite impressive claims have been 
made in the recent literature. We will in the following 
summarize the latest upper bounds and point out some 
of the potential systematic uncertainties that need to be 
clarified in the future. 



II. CURRENT CONSTRAINTS ON NEUTRINO 
MASSES 

One of the assumptions underlying cosmological neu- 
trino mass bounds is that they have no non-standard in- 
teractions and that they decouple from the thermal back- 
ground at temperatures of order 1 MeV. In that case, the 
relation between the sum of the neutrino masses M^, and 
their contribution to the energy density of the universe 
is given by VtyK^ = M^/93.14 eV 0, where h is the 
dimensionless Hubble parameter defined by writing the 
Hubble constant as He = lOO/i kms~^ Mpc~^. The lim- 
its in table ^ show an impressive progression, and with 
limits reaching deep into the sub-eV region it is prudent 
to point out that there are systematic uncertainties as- 
sociated with the limits. We will in the following discuss 



briefly two different types of uncertainties: cosmological 
uncertainties (models and priors) and astrophysical un- 
certainties (e.g. galaxy-dark matter bias). 



Data 


Authors 


Afi,-bound 


2dFGRS (POl) 


Elgar0y et al.02[4j 


1.8 eV 


CMB-h2dFGRS(C05) 


Sanchez et al. 05 [5] 


1.2 eV 


CMB+LSS-l-SNIa+BAO 


Goobar et al. 06 f6] 


0.62 eV 


WMAP (3 year) alone 


Fukugita et al. 06 [7] 


2.0 eV 


CMB4-LSS-I-SN + 


Spergel et al. 06[lj 


0.68 eV 


CMB + LSS-FSNIa-(-BAO-HLya 


Seljak et al. 06[2] 


0.17 eV 
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TABLE I: Some recent cosmological neutrino mass bounds 
(95 % CL). 



III. COSMOLOGICAL UNCERTAINTIES 

The limits in table mostly assume that the under- 
lying cosmological model is the standard spatially flat 
ACDM model with adiabatic primordial perturbations. 
Slight variants have been considered, e.g. running spec- 
tral index of the primordial perturbation spectrum Q 
and varying equation of state parameter w for the dark 
energy component ,0, i9|- A significant degeneracy be- 
tween w and Ml, was pointed out by Hannestad . This 
degeneracy is a result of the fact that the matter power 
spectrum depends on = il^/rim, and allowing w to 
vary weakens the constraints on and hence indirectly 
on Ml, oc fu^m- The degeneracy can be broken by in- 
cluding constraints from e.g. baryon acoustic oscillations 
^10] as shown in 

The spatially flat ACDM model describes the existing 
cosmological data well, but we are not yet in a position 
to exclude significant variations. For example, models 
where gravity is different from standard Einstein gravity 
are still viable, and that mi ght change the neutrino mass 
limit significantly (see e.g. |ll|) for an example). 

The CMB is a very clean cosmological probe in the 
sense that the the extraction of the anisotropy signal 
from the data involves relatively few and well justified 
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FIG. 1: The power spectrum of the full 2dFGRS (bars) along 
with models with fv — 0, flmh — 0.168 (full line) and = 
0.18, n^h = 0.38 (dashed line). 

astrophysical assumptions. From this point of view the 
upper mass bound of 2 eV at the 95 % confidence level 
from the CMB data alone found by Fukugita et al. is 
the most robust one. However, if one extends the space 
of models investigated to models that are very different 
from ACDM, there is no upper bound on neutrino masses 
from the CMB. To demonstrate this poin t, we need just 
to point out that Blanchard et al. found that an 

Einstein-de Sitter model with = 2.4 eV gave an ex- 
cellent fit to the WMAP data, provided that there are os- 
cillations in the primordial power spectrum, as produced 
e.g. if there is a phase transition during inflation. Now 
this model has both a low Hubble parameter {h — 0.46), 
no cosmological constant (and hence a bad fit to the su- 
pernovae type la data), and is also in some tension with 
the baryonic acoustic oscillations, but this goes to show 
that the CMB alone cannot produce a constraint on the 
neutrino mass once one allows for more radical depar- 
tures from ACDM. 

To get really tight constraints on the neutrino masses, 
one needs to include large-scale structure data, since the 
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CMB alone cannot go much below 2 eV in sensitivity. 
It is, however, worth nothing that large-scale structure 
alone cannot do the job. Take the 2dFGRS power spec- 
trum as an example. Figure ^ below shows the power 
spectrum of the full 2dFGRS survey as determined by 
Cole et al 0. Figure 1 also shows the power spectra 
for a model with no massive neutrinos and Q^h = 0.168, 
and for a model with f^, = 0.18 and ily^h = 0.38. These 
two models have identical values of the for the data in 
the range used in fits, marked by the dashed vertical lines 
in the figure. Thus, one can still hide a lot of neutrinos 
in the matter power spectrum when one does not make 
use of external constraints on Sim- 

IV. ASTROPHYSICAL SYSTEMATICS 

Galaxy redshift surveys measure the distribution of 
galaxies in the local universe. The relation between the 
distribution of the luminous matter and the dark matter 
is therefore an important issue when estimating cosmo- 
logical parameters in g eneral, and the neutrino mass in 
particular (see e.g. [lj| for an overview). It is well known 
that red galaxies are more common in the centres of rich 
clusters than blue galaxies, and one can get a simple, 
empirical estimate of the importance of biasing by doing 
the neutrino mass analysis separately for red and blue 
gala xies. An investigation of this effect is in preparation 
[l5|. and the preliminary results indicate that the effect 
is potentially important. 



V. SUMMARY 

Current cosmological observations provide strong up- 
per limits on the sum of the neutrino masses. However, 
when assessing the significance of these limits one should 
bear in mind that several assumptions are involved in de- 
riving these limits, both cosmological and astrophysical. 
It is an important task for further research to clarify how 
sensitive the results are to these assumptions, and how 
well they are justified. 
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